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Abstract
Foote, Anna Louise M.S., Department of Chemistry, Wright State University, 2015.
Investigation of Solvent-Dependent Properties of Donor and Acceptor Materials for
Photovoltaic Applications.

The choice of solvent and additive has been shown to affect efficiency of organic
solar cell devices. To gain a basic understanding of the role of solvents in influencing
overall device performance, we present a comparative study on the physical properties of
donor: acceptor mixtures in different solvents. Investigations have been carried out for
P3HT (poly(3-hexylthiophene-2,5-diyl)), PTB7 (poly[4,8-bis[(2ethylhexyl)oxy]benzo[1,2-b:4,5-b’]-dithiophene-2,6-diyl][3-fluro-2-[2ethylhexyl)carbonyl[thieno[3,4-b]thiophenediyl]]), PC61BM ([6,6]-phenyl-C60-butyric
acid methyl ester), and PC71BM ([6,6]-phenyl-C70-butyric acid methyl ester). The
physical properties reported are based on UV-Vis absorption spectroscopy, resistance
measurements, cyclic voltammetry measurements, and surface energy characterizations
of the organic films. The solvents used to prepare the organic films are chlorobenzene
and 1,2-dichlorobenzene, with and without 1,8-diiodooctane as an additive. The use of
different solvents affects the intensity of absorption in the UV-Vis region and the extent
of conjugation of the polymers. The surface energy measurements suggest
corresponding modifications on the surface morphology of the films.
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1. INTRODUCTION
Renewable energy sources are needed to meet the ever growing demand for
energy and to provide green alternatives to fossil fuels which are currently polluting the
globe. While there are a variety of renewable energy sources available such as wind,
hydro, and geothermal energy, the largest source of renewable energy is solar energy
which has the potential to provide 49,317 exajoules of energy per year.1 Since the space
race of the 1950s, solar technology has progressed to provide 100 GW of global energy in
2012 with Germany, Italy, the United States, and China contributing 32%, 16%, 7.2%
and 7%, respectively.2 As countries begin to embrace solar technology, rural areas as well
as urban areas are benefiting. Specifically rural areas which originally lacked access to
electrical grids are now being provided with electricity through rural renewable energy
programs such as the Rural energy for America Program (REAP), Africa Renewable
Energy and Access Program (AFREA), and Renewable Electricity Generation in South
America (REGSA). By providing solar lanterns, small self-installation photovoltaic
systems, and solar home systems these programs have assisted in the economic growth of
developing regions around the world.2
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The history of organic photovoltaic solar cells (OPVSCs) and the benefits
OPVSCs offer have been thoroughly presented in review articles such as those written by
Scharber and Sariciftci, Abdulrazzaq et al., and Yassar et al.3,4,5 In summation of these
articles OPVSCs, coupled with power conversion efficiencies (PCEs) of ten percent and
greater, provide flexible mass processing and low cost solar devices for commercial use.
If OPVSCs were to replace inorganic photovoltaic solar cells (IPVSCs), the cost of
employing solar power would be reduced considerably and programs and solar projects
would be able to acquire funding more readily from government agencies as well as
industrial sources.
The use of organic materials in devices also presents challenges. One major
challenge receiving considerable attention recently is the polymer/metal interface, which
influences the charge transport process, and consequently the device efficiency. The
polymer/metal interface is of importance as the charge carriers generated in the polymer
layer must be collected efficiently at the metal interface to achieve desirable PCE. Also,
if the electrode material has chemical interaction with the organic material,6,7 device
degradation can be dominated by the interface. The core objectives in all OPVSC
research are to increase both the PCE and the lifespan of OPVSCs. These core objectives
have opened up several research areas in the field of organic devices, such as synthesis of
new low bandgap polymers, design of new architectures, basic science to understand the
role of key device parameters, material degradation studies, and polymer/metal interface
studies. In the early stages, changes in device architecture and new materials were most
influential in increasing the PCE. Different solvents, solvent additives, and device
fabrication techniques have since been found to influence the PCE of an OPVSC device.
2

Currently low band gap polymer materials and alternative materials such as nanoparticles
are being heavily investigated to improve PCE. In the study of OPVSCs, degradation and
material interface studies have been the most influential in increasing the lifespan of
OPVSC devices. New materials, new architectures, donor:acceptor layer properties, and
device parameter studies, on the other hand, have received attention for improving power
conversion efficiency.

1.1 Objectives
The main objective of the study is to investigate the effects of various solvents on
some of the basic polymer film properties that are relevant to the performance issues of
organic photovoltaics. The films studied are pure polymers and donor:acceptor blends
used as major components in organic devices. Two polymers, considered as electron
donors, have been chosen in this investigation. These are poly(3-hexylthiopene-2,5-diyl)
regioregular (P3HT) and poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[2-ethylhexyl)carbonyl[thieno[3,4-b]thiophenediyl]]
(PTB7). The polymers are paired with acceptor molecules, [6,6]-phenyl-C60-butyric acid
methyl ester (PC61BM) and [6,6]-phenyl-C70-butyric acid methyl ester (PC71BM). The
donor:acceptor blends are prepared using different solvents, chlorobenzene (CB) and 1,2dichlorobenzene (DCB), with and without the solvent additive 1,8-diiodooctane (DIO).
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The specific objectives of the research are as follows:
(i)

Obtain UV-Vis spectra of polymer films to gain insights on the effect of
solvents and thermal annealing on film morphology, in addition to
information on UV-Vis absorption.

(ii)

Determine the resistance of films prepared from different solvents from
current-voltage measurements.

(iii)

Determine the effective the energy band gap and HOMO-LUMO energy
levels of the polymers when fabricated as films using cyclic voltammetry and
UV-Vis spectroscopy.

(iv)

Use optical tensiometry to determine the surface energies of polymer films to
provide insights on changes on film morphology.

1.2 Motivation and Significance of the Study
One approach to improving the PCE of an OPVSC device is to create new
polymers with lower bandgaps.8 The bandgap is the difference between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels of the polymer. The open circuit voltage, a parameter directly
used in calculating PCE, is also known to be affected by the band gap of the polymer. It
has been suggested that the maximum open-circuit voltage in OPVSC is limited by the
HOMO-LUMO energy difference between the donor and acceptor components. Scharber
and coworkers3 provided the following empirical expression for the open circuit voltage
Voc,
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(1.1)

The difference between the HOMO of the donor and the LUMO of the acceptor is
considered as the theoretical maximum of the built-in potential, and the constant 0.3 V is
treated as voltage loss, representing the deviation of the open circuit voltage from the
expected maximum built-in potential value.

Figure 1.1 HOMO-LUMO values of the donor:acceptor pairs under investigation.

Figure 1.1 shows a comparison of the HOMO/LUMO values for donor:acceptor
materials, P3HT and PC61BM, with recently introduced donor:acceptor materials, PTB7
and PC71BM. In addition to the two polymers, P3HT and PTB7, having similar
HOMO/LUMO values, and consequently similar band gaps, the two sets of
donor:acceptor materials also have similar HOMO(donor)-LUMO(acceptor) values.
Despite the similarities, PTB7:PC71BM devices have been reported to achieve PCEs of 45

7%11,12 while P3HT:PC61BM devices have only achieved PCEs of 3-4%.4 Even when
P3HT is coupled with PC71BM only a PCE of 4.04% has been reported.11 As is apparent,
the bandgap and HOMO/LUMO values do not completely account for the significant
difference in PCE of these OPVCS devices. In an attempt to understand this difference in
device performance, investigations of properties, such as UV-Vis absorption, band gap,
conductivity, and surface energy of films, and how these properties are influenced by
fabrication processes, with a focus on solvents and solvent additives, are investigated.
One key to understanding the relationship between materials properties and the
composition and atomic arrangement is by understanding the electronic structure of that
material.12 UV-Vis spectroscopy is a common method employed to observe the effects of
these processing techniques as the absorption spectra of conductive polymer films reveal
information on electronic transition. One observation easily made is the broadening of the
absorption band which results from reduced separation between adjacent energy levels,
revealing extension of conjugation length. Others include enhancement of intensity of
features and red shifting of features. Depending on the material of interest changes to
intra-interchain and crystallinity as a result of these processing techniques can be
investigated. UV-Vis spectroscopic analysis of the donor:acceptor materials of interest
for this study will therefore be useful in providing information on how fabrication
processes such as solvent annealing, thermal annealing, and solvent additives affect the
physical properties of these donor:acceptor blend films.
As a result of the effect of solvents on morphology and optical properties of
donor:acceptor materials, PCE of OPVSC devices is also affected by the solvents used in
device fabrication. For example PTB7:PC71BM yielded a PCE of 6.22% when DCB was
6

used to prepare the donor:acceptor layer while a PCE of only 3.92% was achieved when
CB was used to prepare the donor:acceptor layer.10 In addition, the solvent used may also
influence the conductive properties of the donor polymer but there is a lack of published
literature in this area. The conductivity of a donor:acceptor film is influenced by the
number of charge carriers and by charge carrier mobility in the donor:acceptor layer.
While the number of charge carriers can be improved by increasing the surface area of
the donor/acceptor interface, the charge carrier mobility can be improved by extending
the conjugation length and ordering of the polymer chains. Previous studies have shown
that the use of aromatic solvents with polymers such as MEH-PPV can produce desired
planar (conjugated) conformation while in a non-aromatic solvent the polymer chains
take on a twisted conformation.13 A simple investigation of solvent effect on the
conductive ability of donor material could lead to a better understanding of how solar cell
efficiency parameters are influenced by device processing as well as discovering if the
donor polymer being investigated could have properties desirable for use as a photodiode.
To further understand P3HT and PTB7 donor material, dc measurements of films
developed using different solvents chlorobenzene and 1,2-dichlorobenzene with and
without a solvent additive were performed using a Keithley 2400 Sourcemeter.
In addition to influencing the PCE, solvent effects which modify the polymer
chain packing orders within the film consequently have an impact on the surface free
energy (SFE) of the donor:acceptor film.13 The SFE interactions of donor and acceptor
materials with each other and the electrode contacts also contribute to the structure of the
bulk heterojunction and hence the film morphology.13 For example, Huang et al. have
demonstrated that a larger difference in SFE between the donor and acceptor material
7

within the film improves the nanoscale morphology of the donor:acceptor layer and
results in increased short circuit current (ISC) of the devices.14 Specifically, Huang et al.
used the extended Fowkes method to calculate the SFE of donor polymer PSPDTTBT
and used the equation of state method to calculate the SFE of acceptor materials PC61BM
and ICBA.14 The pronounced phase separation Huang et al. observed was a result of the
donor and acceptor components repelling one another in an effort to lower the Gibbs free
energy.14 Further the surface energies of the electrodes and hole transport layers (HTLs)
within the device have been found to drive vertical phase separation, known to occur
within P3HT:PC61BM films, which is driven by the total energy minimization of the
system. As the surface energies of polymer films are influenced by the processing
solvent, the SFE should just as well be influenced by solvent additives present in the
solvent mixture although until this study solvent additive effect on surface energies of
organic films has remained uninvestigated. To investigate the effect of solvent and
additive on SFE of polymer films an optical tensiometer was used in combination with
the sessile drop method.

1.3 The Photovoltaic Solar Cell: A Brief History
The utilization of inorganic and organic materials for solar energy has been
underway since 1839 when the observations of French physicist Alexandre Edmond
Becquerel led to what would later be known as the photovoltaic effect.15 The invention of
the first silicon solar cell by Bell Laboratories in 195416 and NASAs launch of the
Vanguard 1 in 1958; the first satellite to be powered by solar energy; opened a small
market for photovoltaic solar cells. The successful use of silicon solar cells in space
8

technology helped to push funding for further solar cell research leading to the
developments of what are commonly referred to as the first, second, and third generations
of solar cells.
While first generation inorganic photovoltaic solar cells (IPVSC) yielded high
efficiencies, the materials and processing costs associated with the fabrication of these
devices was too high to appeal to the commercial market. Even with Dr. Elliott Berman’s
improved design in the 1970s, the cost of inorganic silicon cells were only reduced from
$100 to $20 per watt.17 The second generation of IPVSCs incorporated thin film silicon
solar cells which provided the desired benefits of lower cost but the tradeoff for this
benefit was that the fabricated IPVSCs produced much lower efficiencies than that of
first generation IPVSCs.
The third generation of photovoltaic devices consisted of photovoltaic solar cells
composed of organic materials with semi-conductive properties. These organic
photovoltaic solar cells (OPVSC) were considerably less expensive and could be
processed using techniques inapplicable to IPVSCs, driving the cost of fabrication even
lower than that of second generation IPVSCs.18 Although OPVSCs provided lower cost
and the possibility of mass processing, OPVSCs still posed the issue of low power
conversion efficiency (PCE).

9

Figure 1.2 The device architecture of a single junction device (a), a bilayer device (b),
and a bulk heterojunction(BHJ) device (c) are shown above.

While the first OPVSC, known as the single-layer OPVSC, consisted of only two
electrodes with one donor polymer material layer in-between, research quickly led to
alternative device architectures (Figure 1.2) that would yield higher PCEs. As shown in
Figure 1.2(b), the next architectural design would be the bilayer OPVSC which
introduced the use of an acceptor polymer material. The donor and acceptor polymers
were layered on one another and sandwiched in-between two electrodes. While the
incorporation of an acceptor polymer layer did lead to higher PCEs than that obtained by
single layer OPVSCs, researchers found that the layer thickness of 100 nm required by
the polymer layers for adequate photon absorption posed an issue for efficient charge
carrier generation.18
Before addressing the issue that bilayer OPVSCs encountered, one significant
difference between IPVSCs and OPVSCs should be understood. While both IPVSCs and
OPVSCs absorb photons, the process in which each device does so is considerably
different. In an IPVSC, the absorption of a photon directly leads to the creation of free
electron hole pairs.18 In an OPVSC, the absorption of a photon leads to the formation of
an exciton (Figure 1.3(a)).18 An exciton is the bound state of an electron and electron
10

hole. After light absorption generates an exciton, the exciton must diffuse to the
donor:acceptor interface (Figure 1.3(a)). The exciton is bound by a strong coulombic
force, making the binding energy of the charge transfer pair much larger than that of a
free electron hole pair. In order to overcome the larger binding energy, the necessary
difference in the lowest unoccupied molecular orbital (LUMO) levels of the donor and
acceptor electrons has been determined to be 0.3 eV.19 For example the LUMO of P3HT
is 3.3 eV while the LUMO of PC61BM is 3.75 eV giving a difference of 0.45 eV for the
LUMO levels of this donor:acceptor pair. As shown in Figure 1.3(a), once the exciton
successfully separates to free charge carriers the electrons migrate to the cathode while
the holes migrate to the anode. The free charge carriers have a limited diffusion length of
about 10 nm before recombination occurs.

Figure 1.3 Schematic a shows absorption of a photon by the donor electron polymer
generating an exciton. The exciton traverses to the donor:acceptor interface where a
difference in the lowest unoccupied orbitals between the donor and acceptor material
must be 0.3 eV or greater for charge separation of the exciton to occur. Schematic b
shows how the BHJ device allows for multiple donor:acceptor interfaces throughout the
device making charge separation of the exciton more prevalent.

In a bilayer OPVSC the majority of excitons formed were unable to reach the
donor:acceptor interface due to the 100 nm thickness required for the polymer layers. The
11

100 nm thickness of the absorption material is necessary for complete absorption of
incident light. In addition, charge separation which did occur largely resulted in charge
recombination due to the short diffusion length of the free charge carriers. This hurdle in
OPVSC advancement was overcome by the introduction of the bulk heterojunction (BHJ)
architecture (Figure 1.2(c)). By using a donor:acceptor blend that phase separates, the
donor:acceptor interface could be distributed throughout the donor: acceptor layer,
creating multiple donor:acceptor interfaces. This architecture is illustrated in Figure
1.3(b) and allows the interface to be brought to the exciton as opposed to forcing the
exciton to travel to the interface.
Since the development of the BHJ architecture, there have been promising
developments in solar cell efficiency. Since 1986 the PCE of single-junction OPVSCs
have increased from 0.95% to 9.2% as of 2012.20 In the case of multi-junction or tandem
OPVSC devices, PCEs have reached 10.6%.21 Tandem OPVSCs essentially stack
multiple OPVSCs on top of one another, allowing for the use of multiple polymers with
different bandgaps (Figure 1.4) which allows for improved absorption, higher open
circuit voltage (VOC), and thus a higher PCE.21
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Figure 1.4 Illustrated above is the architecture of a tandem OPVSC. The rear cell
incorporates a polymer with a high bandgap in the donor:acceptor layer while the front
cell incorporates a polymer with a low bandgap in the donor:acceptor layer. The rear cell
uses an electron transport layer (ETL) to improve electron charge collection while the
front cell uses a hole transport layer (HTL) to improve hole charge collection.

The use of multiple donor:acceptor layers, hole transport layers (HTLs), and
electron transport layers (ETLs) makes fabrication of these devices extremely difficult
(Figure 1.4). In addition the multiple interfaces pose issues with current extraction and
the use of more materials can be counterproductive to reducing the cost of fabricating
OPVSCs. Due to the issues with the design of the tandem OPVSC most research has
continued to focus on the BHJ single-junction OPVSC.
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2. ORGANIC PHOTOVOLTAIC SOLAR CELLS (OPVSCs)

2.1 Donor:Acceptor Materials for Improved Charge Separation
Conjugated polymers are ideal donor polymer materials as the altering double and
single bonds along the backbone of a conjugated polymer result in π-electron
delocalization, enabling the polymer to have semi-conductive properties.22 Polyacetylene
is the simplest conjugated polymer with a repeating unit of (C2H2)n and was discovered to
have electrical conductivity in 1974 by Shirakawa, Heeger, and MacDiarmid.23 While
polyacetylenes had no commercial applications due to their instability in air and
insolubility in solvents, research on its conductive properties assisted in launching the
field of conductive polymers. The electro conductivity of polythiophenes (PTs) were
discovered in 1980 and proved to have much better environmental stability over
polyacetylene. In 1992 Chen and Rieke synthesized the first regioregular head-to-tail
poly(3-hexylthiophene-2,5-diyl) known commonly as P3HT.24 The hexyl group side
group and thiophene ring in the backbone of regioregular P3HT (Figure 2.1(a)) promote
intermolecular packing, improving the absorption efficiency of regioregular P3HT. In
addition to improving the optical properties, a large improvement was made in electrical
conductivity over other polyalkylthiophenes (PATs). As the donor polymer material is
responsible for photon absorption having a high absorption efficiency is desirable. P3HTs
properties therefore made the polymer a good candidate for use in photovoltaic solar
cells.
13

Although regioregular P3HT has been heavily studied in OPVSC research over
the past two decades, other polymer materials have been developed for use in OPVSCs.
A recently introduced polymer, fluorinated PTB7 has gained the interest of researchers
for the high PCEs obtained with the use of this donor material. PTB7 contains an
alternating electron rich benzodithiophene unit and electron deficient thienothiophene
unit and the presence of the fluorine in the thienothiophene unit (Figure 2.1(b)) has been
attributed with decreasing the HOMO/LUMO values of PTB7 to 5.15 eV and 3.31 eV,
respectively.10,25

Figure 2.1 P3HT (a) consists of carbon atoms (grey), sulfur atoms (yellow), and
hydrogen atoms (blue). In addition to carbon, sulfur, and hydrogen atoms, PTB7 (b)
consists of oxygen atoms (red) and a fluorine atom (green).

While the donor polymer material alone could absorb photons and produce
excitons which are then dissociated at polymer-electrode contacts, the introduction of the
acceptor molecule drastically improved the photocurrent of the donor:acceptor layer.
Specifically the first reported bilayer device with pristine C60 yielded a photocurrent
twenty times greater than that of a single layer device.26 Due to the transporting
capability of acceptor molecules, exciton dissociation proved to be more efficient at the
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donor:acceptor interface. PC61BM was synthesized by Wudl et al. and proved to be better
suited for use in BHJ devices over pristine C60 as the material had better solubility in
organic solvents.
Fullerene and fullerene derivatives have since proven to be excellent acceptor
materials due to their LUMO energy, high electron affinity, reversible electrochemical
reduction, electron transport characteristics, and anisotropic charge transport.27 The
LUMO energy of the fullerene derivative, such as PC61BM (3.75 eV)9, is considerably
higher than the LUMO energy of commonly used donor materials such as P3HT (3.28
eV).8 The higher LUMO energy of PC61BM is what allows this molecule to act as the
electron acceptor as the LUMO of a material is related to its electron affinity. PC61BM
will have a higher electron affinity over P3HT because this molecule has a higher LUMO
energy. In addition, the lower HOMO energy of P3HT which is related to the ionization
potential. This allows P3HT to act as the donor electron material. It is due to this
difference in LUMO energies that the electron, which is originally excited from the
HOMO of the donor to the LUMO of the donor, relaxes into the LUMO of the acceptor
material.
The symmetry of the fullerene, in which fullerene derivatives are built from, plays
a crucial role in the absorption capabilities of the acceptor molecule. For example, C60
belongs to the point group Ih as a result of the high symmetry of the spherical shape of
C60. In the point group Ih, the lowest-energy transitions originating from HOMO-LUMO
excitations are symmetrically forbidden resulting in low absorption of fullerene and thus
low absorption of fullerene derivatives such as PC61BM (Figure 2.2(a)).28,29

15

Figure 2.2 Fullerene derivatives PC61BM (a) and PC71BM (b) are shown above. The
derivatives consist of carbon (grey) and oxygen atoms (red).

As shown in Figure 2.2(a) & (b) C60 based fullerene derivatives such as PC61BM,
has a spherical shape and C70 base fullerene derivaties, such as PC71BM take on an
ellipsoidal shape. Due to its ellipsoidal shape, C70 belongs to the point group D5h which
results in a decrease in degeneracy of electronic states, an increase in density of
electronic states, and an increase in the relative number of states with allowed
spectroscopic transitions.30 Specifically, electronic transitions from ground state to states
belonging to the E1’ irreducible representation are dipole-allowed for C70.30 For this
reason, fullerene derivatives such as PC71BM can be used to improve absorption
capabilities of the donor:acceptor film in comparison to PC61BM.31 As mentioned
previously, the donor material is the primary absorber of photons and due to this it is not
vital for the acceptor material to possess strong absorption capability.
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2.2 Power Conversion Efficiency (PCE) Parameters
The power conversion efficiency (PCE) of an OPVSC is measured by three main
photovoltaic parameters: open-circuit voltage (VOC), short circuit current (ISC), and fill
factor (FF). The shunt resistance (RSH) and the series resistance (RS) are additional
photovoltaic parameters of OPVSCs but are not parameters heavily focused on since they
have not been found to significantly impact the PCE of an OPVSC. The following
equations are used to calculate VOC, ISC, and FF:15

I

I SC

I 0 exp

qV
kT

(2.1)

1

The ISC represents the short-circuit current density delivered by photoluminescence when
no voltage is present. I0 represents the saturation dark current of the device, q is the
elementary charge, k is the Boltzmann constant, T is the temperature, and n is the ideality
factor of the device.14 The ISC is the maximum current in which the cell can achieve and
provides evidence on charge separation and transport efficiency in the cell.15,18

VOC

I
nkT
ln SC
q
I0

(2.2)

1

The VOC is the maximum voltage difference possible between two electrodes under
luminescence when no current is present.18 As mentioned above the I0 represents the
saturation dark current of the device, q is the elementary charge, k is the Boltzmann
constant, T is the temperature, and n is the ideality factor of the device.15,19

FF

I MP VMP
I SC VOC

(2.3)
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The film factor FF is defined as the product of the maximum current at maximum power
(IMP) and the maximum voltage at maximum power (VMP) in relation to the product of the
ISC and VOC. A power-voltage (P-V) plot must be generated in order to determine the
values of IMP and VMP and generation of a P-V plot is accomplished experimentally by
method of photo-aging via solar simulation. In addition the P-V plot is necessary in order
to determine the maximum power output (Pmax) of the solar cell. Once the Pmax of the
solar cell is known a current-voltage (I-V) curve can be generated which is then used
determine the FF.
Once the VOC, ISC, and FF values are known the solar cell efficiency can be calculated by
the equation:34

I SC VOC FF
Pin

(2.4)

The η represents the solar cell efficiency and is also referred to as the power conversion
efficiency (PCE). The η is defined as the product of ISC ,VOC, and FF relative to the Pin
which represents the incident solar power.19
Research of these parameters has shown the VOC and ISC parameters correlate
with the frontier orbital energies of the donor and acceptor materials used.32,33 Using
polymers with lower HOMO levels; researchers believe the VOC of an OPVSC can be
improved. The ISC can be improved by using polymers with lower band gaps.33 Using
donor polymers with lower bandgaps inevitably reduces the VOC as the VOC is related to
the energy difference between the HOMO and LUMO of the donor and acceptor
materials, respectively. While adjusting one parameter counters the benefits of the other,

18

there continues to be a large body of research dedicated to synthesis of polymers with
low HOMO levels and of polymers with lower band gaps.

2.3 Role of Solvents in Improving the PCE of OPVSCs
In order for OPVSCs to be competitive with IPVSCs the PCE of OPVSCs must
be improved. The PCE of OPVSCs has increased from roughly 1% from 2001 to 11%3
currently in single junction devices although IPVSCs consisting of crystalline silicon
solar cells have achieved a PCE of 24.7%.34 While theoretical models estimate the
maximum achievable PCE of OPVSCs to be 10-15%, OPVSCs with a PCE of 10% can
be commercialized.19 One strategy of improving the PCE of an OPVSC is to improve the
film morphology, which influences the solar cell efficiency parameters VOC, ISC, and
FF.19 As mentioned previously the VOC and ISC parameters significantly impact the PCE
of a device and can be improved by using polymers with low HOMO levels and by using
polymers with low band gaps, respectively. In addition to using superior polymer
materials, using the appropriate solvent and solvent additives during the fabrication
process of the donor:acceptor layer can also lead to improved film morphology. Previous
research has shown that donor:acceptor pair solubility with a given solvent can affect the
PCE of the OPVSC.35 Solvents and solvent additives such as DIO have also been used to
process the donor:acceptor layer in order to enhance crystallinity of the polymers and the
use of DIO specifically has been shown to result in an increased ISC for donor polymers
blended with PC71BM.10 One limitation of OPVSCs is the small diffusion length of
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charge carriers.4 In addition to influencing the crystallization of the polymers, solvents
have been found to influence diffusion of one or both materials in the blend.5

Another way to improve film morphology is by using methods, such as solvent
annealing and thermal annealing. Solvent annealing is when a polymer blend is processed
in solvents with slow evaporation rates or those with high boiling points.36 Using solvents
with slower evaporation rates provide the polymer chains in the donor:acceptor layer
more time to self-organize before drying, inducing higher levels of crystallinity. Previous
studies, such as those conducted by Kim et al., have shown that the use of solvent
additives can improve crystallinity in comparison to the use of a single solvent.37 A
higher boiling point correlates with a lower vapor pressure, therefore using solvents in
conjunction with solvent additives with higher boiling points makes a solution less
volatile.36 The use of a solvent additive in addition to a solvent over the use of a single
solvent also showed improved PCE of polymer blend PTB7:PC71BM in a study by Liang
et al. While PTB7:PC71BM had a PCE of 3.2% in CB and 6.6% in DCB, the PCE
increased to 7.4% in CB with DIO and to 7.18% in DCB with DIO.10 While other
additives could be used, studies have shown the use of DIO leads to a higher PCE.38 This
is due to the high boiling point of DIO and selective solubility of the fullerene.38 The
study by Liang et al., as previously mentioned, showed that CB with DIO resulted in a
higher PCE than DCB with DIO.10 This may be due to the boiling points of the solvents
and the boiling point of DIO. While CB has a much lower boiling point than DIO (132
°C and 169 °C, respectively), DCB actually has a slightly higher boiling point than DIO
(178 °C and 169 °C, respectively), thus the addition of DIO to DCB doesn’t decrease the
volatility of DCB.37
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Thermal annealing is when the donor:acceptor layer is baked at a high
temperature for a given period of time. For donor:acceptor blends consisting of
P3HT:PC61BM, thermal annealing has been performed at a variety of temperatures
ranging between 110-150 °C, which are all below the melting point of P3HT.38 Ngo et al.
have reported the melting temperature of P3HT crystallite at 233.7 °C and the melting
temperature of PC61BM crystallite at 279.5 °C.38 They also investigated the glass
transition temperature of P3HT and PC61BM, but found that the glass transitions of these
materials in the normal state were undetectable using MTDSC measurments.38 Using a
quenching technique, where the quenching temperature was 280 °C, They determined the
glass transition of P3HT and PC61BM to be 9.3 °C and 118.3 °C, respectively.38 Thermal
annealing after spin-coating the polymer blend onto the substrate has been shown to
improve the ordering of P3HT in the blend and increase the crystallinity of P3HT, which
is often suppressed by the presence of PC61BM.38 Atomic force microscopy (AFM)
studies on the surface of films before and after thermal annealing have shown that
thermal annealing improves surface smoothness.39 The change in surface texture may be
due to evaporation of solvent residue, which would reduce free volume and possibly
improve the interface with the electrode.39
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2.4 Characterization Methods
Conjugated polymers are generally used as the donor material for formation of the
donor:acceptor layer in OPVSCs. It is therefore not surprising that these polymers act as
chromophores, just as organic dyes, possessing extensively conjugated systems. UV-Vis
spectrometry is a method routinely employed in the study of conjugated polymers and is
also commonly used to observe the effects of solvent additives and solvent annealing.
UV-Vis spectroscopy can also reveal how thermal annealing of the donor:acceptor layer
can alter the physical properties of the donor:acceptor films physical properties.38,40,41 For
example, after thermal annealing of P3HT:PC61BM films a red shift from the pre
annealed P3HT:PC61BM peaks can be observed in the absorption spectra, indicating an
extension in conjugation length of P3HT chains. Conjugation relies on the overlap of π
orbitals, therefore the length of conjugation for P3HT is dependent on the number of
coplanar thiophene rings in the chain (Figure 2.3a). As shown in Figure 2.3(b), the
twisting of the polymer backbone can disrupt the conjugation length as the twisting can
hinder the π orbitals from overlapping each other. When the conjugation length of a
polymer is extended, the adjacent energy levels lay closer together and a longer
absorption wavelength is achieved, hence observed redshift in UV-Vis absorption is
observed.
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Figure 2.3 P3HT chains with coplanar thiophene rings in which π orbitals exist in the z
plane (a) and P3HT chains with thiophene rings twisted along the backbone resulting in
π-orbitals existing in z and y planes (b).

While UV-Vis absorption can be used to observe the degradation of OPVSC
devices other methods, such as atomic force microscopy (AFM), transmission electron
microscopy (TEM), and scanning transmission X-ray microscopy (STXM), provide more
information in regards to the crystallization, domain size, and morphology of donor and
donor:acceptor films within the device. Due to the additional information they provide,
these methods are more useful in degradation studies. Since AFM, TEM, and STXM are
considered complex and time-demanding methods, UV-Vis absorption is a fast and
simple alternative for studies that focus on improving PCE.42
As mentioned previously the PCE parameters VOC and ISC can be adjusted based
on the HOMO/LUMO levels and band gaps of the donor:acceptor pair, respectively.
There are several methods used to characterize the HOMO/LUMO levels of polymer
materials. These include ultraviolet photoelectron spectroscopy (UPS), photoemission
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spectroscopy in air (PESA), and cyclic voltammetry (CV). CV has been the most widely
used method for characterization of the common donor polymer P3HT and acceptor
molecule PC61BM.43 CV is a common electro analytical method composed of a three
electrode cell (working, counter, and reference electrodes), a redox couple for reference
such as ferrocene/ferrocenium, and a graphing instrument for generation of the cyclic
voltammogram. The electrochemical cell uses the counter electrode to compensate for the
resistance of the supporting electrolyte while the potential of the working electrode is
monitored and controlled with respect to the reference electrode via a potentiostat. The
most common supporting electrolyte used in CV experiments is 0.1 M tetra-n-butyl
ammonium hexafluorophosphate (Bu4NPF6) in acetonitrile. Often the CV experiment on
the acceptor molecule is conducted in solution and the CV experiment on the donor
polymer is conducted with the polymer confined to the surface of the working electrode
as a film. This is concerning as the cyclic voltammogram generated for a solution and for
a film has shown to be different.43 Other inconsistencies include the use of different
calibration scales during calculation of HOMO/LUMO levels in CV experiments as
shown in a study by Cardona et al., who noted that eleven different electrochemical
scales are in use to evaluate molecular orbital energies of polymer materials.43 Although
the HOMO/LUMO values determined by CV are used by researchers to design
experiments, the HOMO/LUMO values for the same polymer materials have not been
wholly consistent from experiment to experiment. For example, the HOMO/LUMO
values for extensively studied materials such as P3HT and PC61BM have shown
variations of equal to or greater than 0.1 eV. One reason for this could be the solvent
being used for the materials. For example, Al-lbrahim et al. reported P3HT to have a
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HOMO value of 5.2 eV and a LUMO value of 3.53 eV with solvent DCB while Lyons et
al. reported P3HT to have a HOMO value of 4.68 eV and a LUMO value of 2.80 eV with
solvent dichloromethane.8,44 These are significantly different values and while the
inconsistencies mentioned previously may be the reason for the differences, the solvent
may be the contributing factor. Due to the many studies that have been and are currently
being designed based off of these reported HOMO/LUMO values, the role of solvents in
HOMO/LUMO characterization needs to be addressed.
Semi conductive polymers, contrary to classical metals, increase in conductivity
with increasing temperature. Obrzut showed an increase in conductivity of P3HT from
6.780x10-7 (S/m) at 293.2 K to 1.830x10-6 (S/m) at 331.5 K.45 The second measured
temperature falls in the temperature range of 300-400 K, where organic films are
generally exposed to in the case of photovoltaic applications. The electrical behavior of
donor polymers as a function of temperature has been researched intensively. While it is
understood that the electrical performance of P3HT can also be improved using solvents
with slow evaporation rates,46 a comparative study of common donor polymer processing
solvents has not been performed. As the donor material used should have efficient charge
carrier mobility, resistance to current flow should be reduced as much as possible. In
comparison to inorganic solar cells, organic solar cells have lower carrier mobility and
shorter lifespans. The conductivity of semiconductive material can be used as an
indicator for carrier mobility, thus it is important to develop methods for control of this
electrical property. Carrier mobility is an important parameter in organic electronic
devices as these devices exhibit different performances when many electrons with high
mobility are present in comparison to when few electrons with low mobility are present.
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Factors that affect conductivity include density of charge carriers, electron mobility, the
presence of doping materials, and as discussed previously, temperature. Series resistance
is another important parameter in organic electronic devices as high series resistance has
been shown to reduce the fill factor, which in turn reduces device performance.47
Although there is a lack of literature on solvent influence on conductivity of donor and
donor:acceptor films, the group of Lim et al. found that the inclusion of dimethyl
sulfoxide (CH3)2SO, a high-dielectric solvent, with poly(3,4ethylenedioxythiophene)/poly(4-styrenesulfonate), commonly known as PEDOT:PSS,
significantly improved the conductivity of PEDOT:PSS from 0.4 to 0.8 (S/cm).48 If
PEDOT:PSS can show improved conductive properties when a solvent additive is used,
the conductivity of donor polymer films such as P3HT may likewise benefit from solvent
additives.
Using a sourcemeter, current-voltage (I-V) characteristics of an organic material
can be measured and series resistance can then be extracted from the I-V curve produced.
The series resistance is derived from the linear fit of the I-V curve using Ohm’s law. As
shown in equation 2.5, Ohm’s law states that the product of the current (I) and resistance
(R) of the material is equal to the voltage (V). Ohm’s law can be rewritten as a linear
equation so that the series resistance is inversely proportional to the slope of the currentvoltage (I-V) curve (equation 2.5). Once the resistance is known the resistivity (ρ) can be
calculated using equation 2.6, where A is the contact area and l is the length of the
material being measured. From resistivity, conductivity (σ) can be derived using equation
2.7. A simple investigation of solvent effect on the conductive ability of the donor
material could lead to a better understanding of how solar cell efficiency parameters are
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influenced by device processing as well as discovering if the donor polymer being
investigated could have properties desirable for use as a photodiode.

I R V

(2.5)

R A
l

(2.6)

1

(2.7)

The surface free energy (SFE) of organic films is also of interest and can be
investigated using an optical tensiometer via the sessile drop method. In donor:acceptor
blend films the surface energies of each component, along with how each component
interacts with the substrate, are of importance as each influence the structure of the bulk
heterojunction.49 For example, vertical phase separation can create a bulk heterojunction
with one component dominating the surface of the film, and the other dominating the
interface of the donor:acceptor layer and bottom substrate. Specifically, vertical phase
separation is when one component in a blend migrates to the surface of the film. Vertical
phase separation in known to occur within P3HT:PC61BM films, which is driven by the
total energy minimization of the system. PEDOT:PSS has an SFE of 45.7 [mN/m2]50,
similar to PC61BM, with reported SFEs between 31-38 [mN/m2]14,50 while the SFE of
P3HT is much lower at 27 [mN/m2].6 Due to the SFE of each component, the
donor:acceptor layer PC61BM is found to dominate the donor:acceptor layer-PEDOT:PSS
interface while P3HT is found to dominate the donor:acceptor layer-air interface. As
shown in Figure 2.4(a), the vertical phase separation of P3HT results in an undesirable
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bulk heterojunction structure as electron blocking layers and hole blocking layers form at
the electrode/donor:acceptor layer interfaces.

Figure 2.4 Schematic a shows the vertical phase separation of P3HT to the
donor:acceptor/air interface in a P3HT:PC61BM active layer. Schematic b shows a
complete device with an ideal bulk heterojunction structure of a P3HT:PC61BM layer.

As vertical phase separation of P3HT occurs before metal deposition of the
cathode, the composition of the donor:acceptor layer-metal interface was assumed to
correspond to that of the donor:acceptor layer-air interface.49 Orimo et al. however, have
shown that thermal annealing of the device after metal deposition can induce surface
segregation of PC61BM to the metal interface.51 The surface segregation of PC61BM to
the metal interface results in a more desirable bulk heterojunction structure (Figure
2.4(b)) as larger PC61BM domains would be present at the cathode/donor:acceptor
interface and this would facilitate better electron collection efficiency.
The surface energies of each component in a polymer blend are also of
importance as a large difference in SFE of the donor polymer and acceptor molecule have
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been shown to improve film morphology and ultimately device performance.14 The large
difference in SFE of the two components leads to a strong repulsion of the two in an
effort to lower the Gibbs free energy, resulting in a pronounced phase separation.14

Figure 2.5 Above is an illustration of the sessile drop method with a liquid droplet in
contact with a solid polymer film. The contact angle of the liquid is represented by θγ and
γlv, γsv, and γsl represent the liquid-gas, solid-gas, and solid-liquid interfaces, respectively.

Sessile drop method, illustrated in Figure 2.5, is commonly used for
characterization of surface energies of solids and requires the use of multiple dispersive
and polar liquids with known properties. By measuring the contact angle of each liquid
on the surface of the solid material of interest, the SFE can be calculated. There are a
variety of SFE equations available including the Equation of State (EOS) method, the Wu
method, the extended Fowkes method, and the Lifshitz-van der Waals/Acid-Base
(LWAB) method.
The EOS method uses the following equation:

cos

1 2

sv

(

lv

-

sv

)2

(2.8)

lv

In equation 2.8, β is a constant equal to 0.0001247. The other variables γlv, γsv, and γsl are
obtained from the contact angle of the liquid, as shown in Figure 2.5. They represent the
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liquid-gas, solid-gas, and solid-liquid interfacial energy, respectively. The most important
variable is θγ, which represents the contact angle of the liquid and the solid surface
(Figure 2.5). The constant β has been brought into question as the quantity obtained has
yet to be demonstrated as a universal constant for materials and could just be a result of
the iterative procedures applied. In addition, the EOS method is not often utilized for SFE
calculations of organic materials due to the lack of information the equation produces. As
only one liquid with known properties is used in the EOS method, only the total SFE of
the solid of interest can be acquired.
The Wu method and extended Fowkes method, also known as the Owens, Wendt,
Rabel and Kaelble (OWRK) method, are similar in that each require two liquids, one
dispersive and one polar, with known properties. The Wu method incorporates the
harmonic mean equation as shown in equation 2.9 while the extended Fowkes method
incorporates the geometric mean equation as shown in equation 2.10.
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The Wu method and extended Fowkes method combined with the Young
equation are shown in equations 2.11 and 2.12, respectively.
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Although both methods separate the total SFE into dispersive and polar components, the
extended Fowkes method has been routinely used in the analysis of organic materials
while the Wu method has not been largely employed for analysis of organic materials.52
The LWAB method, also referred to as the van Oss-Chaudhury-Good method, has been
recently introduced and shows the most promise for use in research of organic materials
as the equation breaks the total SFE into four components.
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To calculate the SFE of the material into dispersive, polar, acidic, and basic SFEs, a total
of three liquids are required for the LWAB method, specifically two polar liquids and one
dispersive liquid are needed.
In the field of polymer chemistry there is no consensus on which method to use,
either the extended Fowkes or LWAB method. While the LWAB method provides the
most in-depth information about surface properties the method is very sensitive to
variations in the contact angle measurements as well as small variations in the properties
of the liquids used.52 The extended Fowkes method has been commonly employed in the
study of polymeric materials, thus the extended Fowkes method will be used in this study
to determine the surface energies of the polymer films of interest.
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3. MATERIALS AND METHODS
The donor polymers poly(3-hexylthiopene-2,5-diyl) regioregular (P3HT) and
poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]-dithiophene-2,6-diyl][3-fluro-2-[2ethylhexyl)carbonyl[thieno[3,4-b]thiophenediyl]] (PTB7) were obtained from Aldrich
and 1-Material, respectively. The acceptor molecules [6,6]-phenyl-C60-butyric acid
methyl ester (PC61BM) and [6,6]-phenyl-C70-butyric acid methyl ester (PC71BM) were
obtained from Sigma-Aldrich and Nano-C. The processing solvents used were
chlorobenzene (CB) and 1,2-dichlorobenzene (DIO) and the solvent additive used as 1,8diiodooctane (DIO). All solvents were obtained from Sigma-Aldrich.

3.1 UV-Vis Absorption Spectroscopy Studies
To study the physical properties of P3HT and PTB7, the following solutions were
prepared. A solution containing 15 mg of either P3HT or PTB7 for 1 mL of CB was
prepared as well as a solution containing 15 mg of either P3HT or PTB7 for 0.8 mL of
DCB. Due to the significant difference in the densities of CB and DCB (1.107 g/mL and
1.30 g/mL, respectively) the concentrations of each solution were adjusted to control film
thickness. This method of controlling film thickness has been implemented in previous
studies, such as that of Kim et al.48
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The solutions of P3HT and PTB7 containing DIO were prepared by adding 15 mg
of either P3HT or PTB7 to either solvent with 3% by volume of DIO. All solutions were
sonicated for a period of four hours. Three films from each solution were then prepared
for UV-Vis analysis by spin-casting 100 µL of solution onto a glass substrate at a speed
of 1000 rpm for a total of 78 seconds. Once dried, the absorption spectrum for each
sample was collected using Thermo Insight software with Fisher Scientific Evolution 200
UV Visible Spectrometer. Absorption spectra of each sample were collected in the range
of 300-750 nm before and after thermal annealing. All samples were thermally annealed
at 150 °C for 10 minutes using an MTI Furnace Tube. All three replicates for each donor
polymer film showed analogous absorption spectra.
To study the physical properties of donor:acceptor blends, solutions containing
(1:1) P3HT:PC61BM, (1:1) P3HT:PC71BM, (1:1) PTB7:PC61BM, and (1:1)
PTB7:PC71BM were prepared. These solutions were made by first dissolving 15 mg of
the donor material in 1 mL of DCB or solvent mixture DCB/DIO (0.97:0.03 mL by
volume) and then adding 15 mg of the fullerene derivative to the solution. After addition
of the polymer and acceptor molecule the solution concentrations were 30 mg/mL. The
solutions were then placed in a hot bath at 40 °C and stirred overnight. Three films for
each solution were prepared by spin-casting 100 µL of solution onto a glass substrate at a
speed of 1000 rpm for a total of 78 seconds. Once dried, the absorption spectrum for each
sample was collected in the range of 300-750 nm before and after thermal annealing.
Each sample was thermally annealed at 150 °C for 10 minutes using an MTI Furnace
Tube. As before, all three replicates for each polymer film showed analogous absorption
spectra.
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3.2 Conductivity Measurements
To study the conductive properties of P3HT and PTB7, the following solutions
were prepared. The solutions of either P3HT or PTB7 in CB and in DCB were prepared
by adding 15 mg of donor material to 1 mL of each solvent. The solutions containing
DIO were prepared by adding 15 mg of donor material to CB or DCB with 3% by
volume of DIO in either solvent. All solutions were sonicated for a period of four hours.
ITO/glass substrates purchased from NANOCS (100 Ω/sq, 1.1 mm) were cleaned using
the following procedure. To begin the cleaning procedure ITO/glass substrates were
sonicated in acetone for 10 minutes and allowed to dry before etching 2 mm sections
using (50/50) HCl:HNO3 acid solution for five minutes.
After etching the ITO/glass substrates were cleaned by sonication in alconox
solution for 15 minutes, followed by deionized water for 10 minutes. The ITO/glass
substrates were cut into 1x1 in squares and sonicated in acetone for 15 minutes, followed
by a 15 minute sonication in isopropyl alcohol. The Fluke 287 True RMS Multimeter was
used to test that each ITO/glass substrate had no conductivity across etched areas. To
prepare the samples, 15 µL of each solution was drop cast onto an area of 2x6 mm of the
ITO/glass substrate, bridging the ITO layers across the etched area. Drop casting is a
simple deposition method in which a known volume of solution is dropped via pipette
onto an area and allowed to dry to form a film. As shown in Figure 3.1 the polymer films
formed on the etched area and bridged the two conductive ITO areas. Using Labview 8.6
software with a two probe Keithley 2400 Sourcemeter the measurement of dc
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conductivities was performed and I-V curves for each device were collected at room
temperature.

Figure 3.1 Shown above is a diagram of an etched ITO/glass substrate with P3HT film
bridging the two ITO areas.

Ohm’s Law was then used to calculate the resistance of each device when the I-V
curve characteristics of a film were found to be linear (equation 2.5). While the thickness
of the ITO was known to be 300 nm and the contact area of the film was known, the
contact resistance could not be separated out of the total resistance of the film measured.
As a consequence the bulk resistivity (ρ) and bulk conductivity (σ) of each film could not
be calculated. If the bulk resistance of the film was obtained, it would have been
calculated using equation 2.6 in which A represents the area of the film and l represents
the length of the film between the two ITO areas. Using the bulk resistivity the bulk
conductivity would have been calculated using equation 2.7.
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3.3 Cyclic Voltammetry
To study the solvent effect on measured HOMO/LUMO values of P3HT and
PTB7 films the methods of cyclic voltammetry and UV-Vis spectroscopy were used.
Cyclic voltammetry was employed to calculate the HOMO value for both donor
materials, while UV-Vis spectroscopy was utilized to determine the optical energy band
gap (Eopg). The difference of the HOMO value and the optical band gap was then used to
calculate the LUMO value of both donor materials. The solutions used in the cyclic
voltammetry experiments consisted of 15 mg of P3HT or PTB7 in 1 mL of either solvent
CB or DCB. The solutions containing DIO were prepared by adding 15 mg of donor
material to CB or DCB with 3% by volume of DIO in either solvent. All solutions were
sonicated for a period of four hours.
Cyclic voltammetry experiments were carried out in a three electrode cell, which
consisted of a platinum wire as the working electrode, a platinum counter electrode, and a
Ag/AgCl reference electrode (Figure 3.2) using a sweep rate of 50 mV/s (PalmSens
potentiostat). Donor materials P3HT and PTB7 were measured in the form of films,
prepared by depositing solutions onto the working electrode. Films were dried under
nitrogen gas before each measurement. The supporting electrolyte used was 0.1 M tetran-butyl ammonium hexafluorophosphate (Bu4NPF6) dissolved in dry acetonitrile. A
reference solution of 0.001 M ferrocene in 0.1 M Bu4NPF6 in dry acetonitrile was also
used. Each measurement was collected after a nitrogen purge of the supporting
electrolyte to replace traces of oxygen.
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Figure 3.2 Three electrode cell (WE = working electrode, CE = counter electrode, RE =
reference electrode) connected to potentistat and interface which produces a
voltammogram for the analyte being measured.

Once a cyclic voltammogram was collected for each donor polymer film a linear
fit of the first oxidation peak onset as shown in Figure 3.3, was calculated and
extrapolated to find the x-intercept. The x-intercept represents the energy oxidation onset
(Eox onset vs Ag/AgCl) of the polymer film. A linear fit of the first oxidation peak onset was
also performed for ferrocene and extrapolated to find the energy oxidation onset (Eox onset
Fc/Fc+ vs Ag/AgCl)

of the Fc/Fc+ redox couple. Using equation 3.1 the HOMO values of each

donor material was calculated.

E HOMO = -[(Eox onset vsAg/AgCl - E ox onset Fc/Fc+ vs Ag/AgCl ) + 5.1 eV]
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(3.1)

Figure 3.3 Above is an example of a cyclic voltammogram collected for a P3HT film
prepared in solvent DCB with additive DIO. The oxidation peak onset is highlighted in
red.

Uv-Vis spectra were collected as previously described. Once the absorption
spectra of each donor polymer film was obtained all spectra were normalized by setting
the highest peak value to 1 abs. The x-axis value of (nm) was then converted to (eV). A
linear fit of the first optical onset peak was then performed. The linear fit was then
extrapolated to obtain the x-intercept, which represents the optical bandgap of the film.
Using equation 3.2 the LUMO value of the donor material was calculated.
E LUMO = E HOMO - E g

op

(3.2)
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3.4 Surface Free Energy Characterization
Similar density solutions of P3HT and PTB7 in CB or DCB with and without 3%
additive DIO were prepared to control for uniform film thickness as mentioned
previously in Chapter 3.1. Donor polymer films were formed by drop casting 50 µL onto
a glass substrate and spin casting at 1000 rpm for a period of 78 seconds. All polymer
films were dried under ambient conditions for one hour before sessile drop analysis was
performed. As shown in Figure 3.4, three liquids were used for contact angle
measurements on various polymer films. This was accomplished using the sessile drop
method (Figure 3.4) with a Biolin Scientific Optical Tensiometer.

Figure 3.4 The contact angle for diiodomethane (a), ethylene glycol (b), and deionized
water (c) on P3HT films were analyzed via sessile drop analysis. Volumes of droplets
deposited were dependent on surface tension of liquids.

To calculate surface free energy the extended Fowkes method (equation 2.12)
requires a dispersive liquid and a polar liquid. The three liquids used for contact angle
measurements specifically were deionized water, ethylene glycol, and diiodomethane.
The properties of these liquids are listed in Table 1. For the SFE calculations performed
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here, diiodomethane was used as the dispersive liquid while deionized water and ethylene
glycol were used as the polar liquids.
Table 1. Properties of Liquids
γtot
Liquid
[mN/m]
DI water
72.8
ethylene glycol
48.0
diiodomethane
50.8

γd
[mN/m]
21.6
29.0
50.8

γp
γ+
[mN/m] [mN/m]
51.2
25.5
19.0
3.0
0.0
0.0

γ[mN/m]
25.5
30.1
0.0

ρ
[g/cm3]
0.998
1.113
3.325

η
[mPa.s]
1.002
16.100
2.800

The mean contact angle (CA) of each liquid was collected between 15 -105
seconds of a two minute measurement. Due to differences in surface tension, the volume
of each liquid used to form a droplet in the sessile drop method varied. The largest stable
droplet formed for diiodomethane was 2.75 µL while the largest stable droplets formed
for ethylene glycol and deionized water were 9.5 µL and 10 µL, respectively. To
calculate the SFE of each polymer film, three mean CAs of each liquid were measured
using three replicate films.
In this study the preparation of films of PC61BM and PC71BM were also
performed by method of drop casting after spin casting proved to be an unsuccessful
method of deposition. The solutions of PC61BM and PC71BM were 15 mg/mL in DCB.
When the contact angle of diiodomethane on a PC61BM film was performed it was found
that PC61BM was soluble in diiodomethane. Due to this, the extended Fowkes method
could not be used for the SFE calculation of the acceptor molecule films. Instead the EOS
method (equation 2.8) was used to calculate the surface free energies of PC61BM and
PC71BM using the mean CAs of deionized water and ethylene glycol. Film formation of
fullerene derivatives in solution with additive DIO was not possible. The solution beaded
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up on the glass substrate and would not spread to create a uniform film along the glass
surface of the substrate. The resistance to form a film could be due to the additives
selective solubility with the acceptor molecule and the high boiling point of DIO.
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4. RESULTS AND DISCUSSION

4.1 Solvent-Dependent UV-Vis Absorption of Films
The lowest energy transition of conjugated polymers are ᴫ-ᴫ* transitions, with
excited energies that usually reside within the range of the visible spectrum. Interchain
species between neighboring polymer chains can also be formed in the electronic excited
state. 53 This stems from the ability of π electrons of neighboring polymer chains to
interact with one another, and their formation is dependent upon how polymer chains in
the film are packed.53 Absorption spectra from UV-Vis spectroscopy can show the
excited energies of the delocalized π electrons and provide information on the extent to
which interchain-interlayer interactions of polymer chains are occurring. UV-Vis analysis
of pure donor and donor:acceptor films in various solvents yielded results in agreement
with literature. In addition, the studies revealed exciting results that have important
implications on improving organic device fabrication techniques.
Shown in Figure 4.1 are UV-Vis absorption spectra of films of P3HT and PTB7,
the electron donor polymers, prepared using either solvent chlorobenzene (CB) or 1,2dichlorobenzene (DCB), with and without the solvent additive 1,8-diiodooctane.
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Figure 4.1 UV-Vis absorption spectra of P3HT (yellow and red) and PTB7 (black and
blue) films prepared in either processing solvent CB or DCB, with and without solvent
addtive DIO (dotted line).

Comparing the films prepared using CB and DCB; we see that the absorption
spectra of P3HT films prepared in DCB showed slight peak enhancements when
compared to those prepared in CB. As shown in Figure 4.1, a slight peak enhancement of
the π-π* HOMO/LUMO transition at the first onset peak at 600 nm occurs. Another
slight peak enhancement is seen for the the π-π* interchain transition at (550 nm.).54 The
observed difference in absorption spectra of P3HT films prepared in CB and DCB can be
attributed to the solvent annealing process due to DCB, as a result of its higher boiling
point. The boiling point of DCB is higher, at 180 °C, than the boiling point of CB, which
is 132 °C. Solvents with high boiling points have slow evaporation rates, which allows
for slower growth rate of the film. The slow growth rate of the film promotes formation
of crystalline domains within the polymer regions. Therefore, the higher boiling point of
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DCB allows more time for self-organization of the P3HT chain segments. Unlike the
absorption spectra of P3HT, the absorption spectra of PTB7 films showed no changes in
π-π* electron transitions regardless of the processing solvent used. These results agree
with those of Guo et al.55 whose findings also showed no dependence of PTB7
crystallization on a single-component processing solvent.
Films prepared using solvent additive DIO in either processing solvent showed
enhanced peaks similar to those of films prepared in DCB. Note that the boiling point of
DIO is 167 °C. Other groups have shown that the use of a solvent mixture, in comparison
to using a single processing solvent, can improve the crystallinity of P3HT. The donor
material P3HT undergoes a competitive film growth rate in the presence of two solvents
with different solubility.37 Similarly, in the case of our study, the use of a two-component
solvent, either processing solvent CB or DCB and the solvent additive DIO, promotes
competitive film growth rate in the P3HT film. When the solvent additive DIO was used
in the preparation of PTB7 films with either processing solvent, the absorption spectra
show a slight redshift of 5-10 nm for peaks at 620 nm and 672 nm. The redshifts
correspond to light absorption at longer wavelengths, which implies a narrowing of
the energy gap between ᴫ-ᴫ*energy states as a result of an extension of the conjugated ᴫ
system. The presence of DIO in the PTB7 films therefore induced a small extension in
conjugation length. In agreement with a previous study,55 PTB7 crystallization shows
dependence on processing solvent only when DIO is added.
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The addition of an acceptor molecule changes the absorption spectra of the films.
In addition, the absorption spectra of donor:acceptor films show significant changes as a
result of thermal annealing, and the presence of a solvent additive. As can be seen from
Figure 4.2, the choice of fullerene derivative, PC61BM or PC71BM, coupled with donor
material significantly influenced the absorption spectra of the donor material.
P3HT:PC71BM films exhibited improved absorption over P3HT:PC61BM films while
PTB7:PC71BM films showed a broader range of strong absorption over PTB7:PC61BM
films. These observations are a result of the symmetry of each fullerene derivative. As
discussed previously in Chapter 2.1, PC71BM has a reduced symmetry in comparison to
PC61BM, allowing for lower energy transitions and thus greater light absorption.

Figure 4.2 UV-Vis absorption spectra of (a) P3HT:PC61BM and P3HT:PC71BM films as
well as (b) PTB7:PC61BM and PTB7:PC71BM films.

The presence of either fullerene derivative in P3HT films resulted in a blue shift
of ~40 nm from the control peak of the pure P3HT at 517 nm. This has been observed in
other studies using P3HT:PC61BM films.8 The blue shift is attributed to the reduction in
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the effective conjugation length of the P3HT chain segments. During the formation of the
film, the acceptor molecules are finely dispersed between the P3HT chains suppressing
the crystallization of P3HT.56 Although a blue shift was observed in P3HT based films,
no peak shifts are evident in PTB7 based donor:acceptor films. This implies that the
presence of the fullerene derivative in solution has no effect on the effective conjugation
length of PTB7 chain segments. Position of the optical band edges for both P3HT based
and PTB7 based films were not changed, therfore indicating the observed changes in
absorption spectra were not generated from ground state doping of the donor polymer by
the acceptor molecule.8
In Figure 4.3, the effect of thermal annealing on UV-Vis absorption is shown for
donor(P3HT):acceptor films. As expected, thermal annealing of P3HT based
donor:acceptor films resulted in significant modifications. Absorption intensity of both
P3HT:PC61BM and P3HT:PC71BM films were increased, and redshifts of ~30 nm toward
the control peak of pure P3HT at 517 nm were observed.
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Figure 4.3 UV-Vis absorption spectra of P3HT base donor:acceptor films pre and post
annealing. Post annealed films were annealed at 150 °C for 10 minutes. Redshifts in
absorption of 28-31 nm occurred for thermally annealed films.

Upon thermal annealing, the acceptor molecules are expected to be redistributed
and larger aggregates are formed, giving P3HT chains available space to interact with
each other.56 The increase in absorption intensity is a result of orderly stacking and strong
interchain-interlayer interactions of P3HT chains, while the redshift previously
mentioned can be attributed to an extension of the effective conjugation length. In
addition to increased absorption intensity, the peaks were more defined showing
enhanced π-π* HOMO/LUMO and π-π* interchain-interlayer transitions. These changes
to the absorption spectra indicate that thermal annealing lowered the density of
conformational chain defects and improved the crystallinity of P3HT domains within the
film. These results are in agreement with a study by Dante et al.40, whose results showed
that thermal annealing of P3HT:PC61BM film restored some of the vibronic structure of
the P3HT absorption spectra.40
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Figure 4.4 UV-Vis absorption spectra of PTB7 based donor:acceptor films pre and post
thermal annealing. Post annealed films were annealed at 150 °C for 10 minutes.

While thermal annealing led to improvements in the P3HT based films, we see
from Figure 4.4 that no change in absorption spectra of PTB7:PC61BM or PTB7:PC71BM
films are observed. After a review of previous literature it was found that thermal
annealing of PTB1, the precursor to PTB7, also had no effect on absorption.57 The lack of
change in spectral response of PTB1 post thermal annealing was attributed to the rigidity
of the backbone of PTB1.57 According to Guo et al.57, the thienothiophene moiety in
PTB1 is known for inducing a rigid quinoidal structure of the back bone. Also the
benzodithiophene moiety with three fused aromatic rings within the PTB1 backbone is
itself, a rigid entity.57
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Figure 4.5 Repeat units of PTB1(a) an dPTB7 (b) are shown above. The red atoms
represent oxygen, the yellow atoms represent sulfur, and the green atom on PTB7 (b)
represents fluorine. The grey atoms represent carbon with the appropriate number of
hydrogen bonds. The blue and pink dots represent the head and tail atoms of the repeat
unit.
As shown in Figure 4.5, the structure of PTB1 and PTB7 is very similar as each
has a thienothiophene moiety and benzodithiophene moiety with three fused aromatic
rings within the backbone. The slight differences in structure are that PTB1 has linear
side chains as shown in Figure 4.5(a), while PTB7 has branched side changes as shown in
Figure 4.5(b). Also PTB7 has a fluorine atom off of the thienothiophene moiety while
PTB1 contains no halogen atoms. As with PTB1, the rigid backbone of PTB7 is caused
by the presence of the thienothiophene moiety and the benzodithiophene moiety with
three fused aromatic rings (Figure 4.5). With this understanding of the structure of PTB7,
it is reasonable to conclude that the reason for which thermal annealing does not improve
PTB7 absorption is due to the rigidity of the backbone chain.
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Figure 4.6 UV-Vis absorption spectra of P3HT based donor:acceptor films prepared
without and with additive DIO. Redshifts of 34-39 nm occurred for films prepared with
additive DIO. The average film thickness of P3HT:PC61BM was 103 nm and the average
film thickness of P3HT:PC61BM with DIO was 113 nm. Film thickness measurements
were made using a profilometer.

Comparing Figures 4.3 and 4.6, we find that the use of solvent additive DIO in the
fabrication of P3HT-based films produced absorption spectra similar to that of thermally
annealed P3HTbased donor:acceptor films. A similar phenomenon was reported by Lui et
al. regarding P3HT:PC61BM absorption spectra when solvent additive 4-bromoanisole
(BrAni) was used.38 As was also seen in the thermally annealed films (Figure 4.3),
P3HT:PC61BM and P3HT:PC71BM films prepared with DIO showed a redshift of 30-40
nm toward the control pure P3HT peak (Figure 4.6). Enhanced π-π* HOMO/LUMO at
600 nm, as well as π-π* interchain transitions near 510 nm and 550 nm were also noted.
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The observed effects of the solvent additive on the absorption spectra of P3HT:PC61BM
and P3HT:PC71BM films are a result of the selective solubility of the acceptor molecule
in DIO. The solubility of the acceptor molecule in additive DIO deters the clustering of
the fullerene in blend during film preparation, reducing fullerene domain size and
allowing better organization of P3HT chain segments.59 Sio et al. have observed similar
results in P3HT:PC61BM films fabricated with solvent additive 1,2,3,4tetrahydronaphthalene (THN).60 This conclusion is further supported by Su et al. who
found through grazing-incidence small-/wide-angle X-ray scattering (GISAX) analysis
that a PBTTPD:PC71BM film processed with solvent additive DIO showed a decrease in
the average size of PC71BM clusters from 150 nm to 39 nm.41 The ability of solvent.
additive DIO to reduce the fullerene domain size should increase the probability of
exciton diffusion at the donor:acceptor interface and improve charge carrier mobility.59
The use of an additive to improve device performance has also been reported by Lui et
al., who showed that the PCE of P3HT:PC61BM devices increase from 1.65% to 2.6%
when solvent additive BrAni was used.58 The absorption spectra of P3HT:PC61BM and
PC71BM films with additive DIO give evidence that the use of solvent additive DIO
could be used as an alternative to the fabrication technique of thermal annealing for
P3HT-based devices
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Figure 4.7 UV-Vis absorption spectra of PTB7 base donor:acceptor films prepared
without DIO and with additive DIO. Film thicknesses were comparable. The average
thickness of PTB7:PC61BM films were 132 nm and the average thickness of
PTB7:PC61BM films with additive DIO was 128 nm.

Investigations of the effect of solvent additive DIO on the UV-Vis absorption
spectra of PTB7:PC61BM and PTB7:PC71BM films are shown in Figure 4.7. An increase
in the absorption of the donor polymer peaks and the fullerene derivative peaks were
observed. The increase in absorptions represent some enhancements in the π-π*
HOMO/LUMO and π-π* interchain transitions. It is clear from these results that thermal
annealing (Figure 4.4) in not an effective fabrication technique for PTB7 based
donor:acceptor films, but that the use of a solvent additive (Figure 4.7) is advantageous
and should be implemented in the fabrication process of PTB7-based devices.
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Figure 4.8 UV-Vis absorption spectra of P3HT (a) and PTB7 (b) base donor:acceptor
films prepared with additive DIO, pre and post annealed.

As thermal annealing of P3HT is known to improve absorption of the polymer
film and the results here show additive DIO can improve absorption of P3HT as well, a
combination of the fabrication methods was also investigated. Figure 4.8(a) & (b) shows
that for both polymer films P3HT and PTB7 prepared with additive DIO, thermal
annealing slightly reduced absorption. From Figure 4.8(a) and (b) it is apparent that the
two fabrication methods cannot be used together to improve the optical properties of
these polymer films.
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4.2 Effect of Solvent on Film Conductivity
The bulk conductivity of a material is inversely proportional to its bulk resistance.
The contact resistance is the resistance that occurs at the area of contact between the
polymer film and ITO. Combined, the bulk resistance and contact resistance represent the
total resistance of the polymer film. Since the measurements performed do not separate
the bulk resistance of the polymer and its contact resistance with ITO, the bulk
conductivities and resistivities cannot be derived from the data. However, the data
provides comparative studies of the effect of solvent processing.
Both P3HT and PTB7 films showed similar trends in resistance as a function of
the processing solvent used. The films also exhibited the same behavior with the addition
of solvent additive DIO. In Figure 4.9 large error bars exist for each data point. This is
attributed to the method of deposition used to prepare the films. Drop casting, the method
of deposition, led to non-uniform coverage. Also, the use of small volumes made
repeatability an issue.

Figure 4.9 Resistance of (a) P3HT films and (b) PTB7 films prepared in either
processing solvent CB or DCB, with and without additive DIO. Data points represent the
average of five or more replicates.
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When P3HT films were prepared in CB, the films showed a slightly higher
average resistance of 1.7 x 107 Ω over P3HT films prepared in DCB, showing an average
resistance of 1.6 x 107 Ω (Figure 4.9(a)). Likewise, when PTB7 films were prepared in
CB, the films showed a larger average resistance of 3.4 x 109 Ω over PTB7 films prepared
in DCB, which showed an average resistance of 1.1 x 109 Ω (Figure 4.9(b)). For both
polymers, a decrease in resistance is observed with the use of DCB rather than CB.
Recall that the boiling point of DCB is significantly higher than that of CB (180 °C
versus 132 °C, respectively). The higher boiling point of DCB means longer drying time,
and as a consequence the effect of solvent annealing would be more prevalent in the
formation of films prepared using DCB. As the solvent annealing effect of DCB allows
for better ordering of P3HT chains the ability of the film to transport charge should also
improve and this could potentially account for the decrease in resistance.
The decrease in resistance may also be explained by the difference in dielectric
constants of CB and DCB. Solvents with larger dielectric constants have been shown to
improve charge transfer rates and improve conductivity in semiconductors such as
PEDOT:PSS.20 In the case of PEDOT:PSS the solvent with a higher dielectric constant
reduced the coulomb interaction between the positively charged PEDOT and negatively
charges PSS dopants, inducing a strong screening effect between the two.20 DCB has a
slightly higher dielectric constant than CB (εDCB= 9.93 versus εCB= 5.62). This factor
may also account for why a lower resistance to current flow is achieved with DCB over
CB. The use of DCB as the processing solvent for the donor:acceptor layer may also lead
to an increase in dielectric constant of the donor:acceptor layer. This could reduce the
exciton binding energy between the charge carriers, which would result in an increase in
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probability of exciton dissociation. Increasing the number of charge carriers present in
the donor:acceptor layer would consequently improve conductivity in the film.
Also shown in Figure 4.9 is the effect of DIO additive (open circles). With the
use of solvent additive DIO the average resistance of both films, P3HT and PTB7,
decreased regardless of whether the processing solvent is CB or DCB. From Figure 4.9,
the resistance of P3HT films prepared with CB and additive DIO showed an average
resistance of 1.3 x 107 Ω, which is a decrease of 0.4 x 107 Ω in resistance from those
without DIO. In comparison to the average resistance of 1.6 x 107 Ω exhibited by P3HT
films prepared in DCB only, P3HT films prepared in DCB with additive DIO also
showed a decrease in average resistance, 1.4 x 107 Ω. Figure 4.9(b) shows the same
effect of DIO on the PTB7 films. The average resistance of PTB7 films prepared in CB
without and with solvent additive DIO also showed a significant decrease from 3.4 x 109
Ω to 1.3 x 109 Ω, respectively. Similarly, the average resistance of PTB7 films prepared
in DCB without and with additive DIO decreased from 1.1 x 109 Ω to 2.7 x 108 Ω,
respectively. While an additional quantitative study to determine bulk polymer
resistivities and conductivities in needed, the resistance data presented here suggests that
the presence of DIO improves the conductive properties of P3HT and PTB7 donor films.
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4.3 Band Gap and HOMO-LUMO Energy Levels
UV-Vis spectroscopy was used to determine the energy band gap P3HT and
PTB7 films. From a linear fit of the first energy onset of normalized UV-Vis absorption
spectra, the optical energy bandgaps were derived. The results are shown in Table 2.

Table 2. Optical energy bandgap
op

E

Sample

g (eV)

P3HT-CB

1.88 ± 0.065

P3HT-DCB

1.89 ± 0.066

P3HT-CB+DIO

1.91 ± 0.093

P3HT-DCB+DIO

1.91 ± 0.091

PTB7 CB

1.64 ± 0.062

PTB7 DCB

1.64 ± 0.058

PTB7 CB+DIO

1.65 ± 0.065

PTB7 DCB+DIO

1.65 ± 0.064

Taking into account the standard deviation of each calculated Eopg, the optical
energy band gaps of P3HT and PTB7 films were found to be unaffected by the
processing solvent or additive used. The optical energy band gap of P3HT was
determined to be 1.90 eV. This is in agreement with other literature values such as those
presented by Al-Ibrahim et al.8 For PTB7, we find the band gap to be 1.65 eV, which is
significantly different from 1.84 eV reported by Liang et al.10 This disagreement can be
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explained by the difference in the methods implemented. The band gap reported in Ref.
10 was derived from the difference of the HOMO and LUMO levels, both of which were
measured using CV method. Note that it has been suggested that organic materials do not
exhibit reversible redox processes, and as such the use of the reduction onset peak to
determine the LUMO of an organic material is often inaccurate.43 Thus, in the work
presented here, UV-Vis absorption data was used instead, and this is in agreement with a
computational study by Bhatta and Tsige.61 Using ground state DFT and excited state
TDDFT calculations, they found the optical energy bandgap for PTB7 to be 1.65 eV61, in
agreement with our results and independent of the processing solvent used.
The HOMO-LUMO energy levels of the two polymers were also determined. To
find the HOMO level of P3HT and PTB7 films prepared in different solvent and solvent
additives, the method of cyclic voltammetry was employed. The HOMO value of each
polymer film was calculated using equation 3.1. The energy oxidation onset of the
polymer film was found by extrapolating to zero current the linear fit (red curve) of the
first oxidation peak onset as shown in Figure 3.3. The cyclic voltammogram was
calibrated using the energy oxidation onset of redox couple ferrocene/ferrocenium, which
was found to reside at 0.29 eV. No change was found in the HOMO values of P3HT and
PTB7 films prepared in different processing solvents and additive. This was similar to the
results found for the optical energy bandgaps.
The LUMO energy level of each polymer was determined by subtracting the
optical bandgap from the HOMO level. The HOMO and LUMO values of P3HT
reported using this method showed results similar to those reported in literature. Using
cyclic voltammetry to determine the HOMO value and UV-Vis spectroscopy to
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determine the optical bandgap, Al-Ibrahim et al. reported P3HT to have HOMO and
LUMO values of 5.2 eV and 3.28 eV, respectively.8 As shown in Table 3, the HOMO
and LUMO values reported here for P3HT are 5.2 eV and 3.3 eV, respectively.

Table 3. Molecular orbital energies found using CV and optical bandgap
op

E

Sample

HOMO (eV)

g (eV)

LUMO (eV)

P3HT

5.2

1.90

3.3

PTB7 CB

5.0

1.65

3.4

Only two literature values for the molecular orbital energies of PTB7 have been
previously reported using cyclic voltammetry. Liang et al. reported the HOMO value of
PTB7 to be 5.15 eV 10 while Moudam et al. reported the HOMO value of PTB7 to be
5.08 eV.62 As shown in Table 3, the results reported here are closer to that reported by
Moudam et al. as the HOMO value of PTB7 was determined to be 5.0 eV. The HOMO
values of P3HT and PTB7 show a difference in energies of 0.2 eV. The LUMO of PTB7
reported here is 3.4 eV. From Table 3 it is apparent that P3HT and PTB7 have
significantly different HOMO values. In addition, the HOMO value of PTB7 is more
closely aligned to the work function of conductive polymer PEDOT:PSS, a commonly
used hole transport layer (HTL). A schematic of the energy levels is shown in Figure
4.10.
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Figure 4.10 An energy diagram of the charge separation and charge collection in an
OPVSC with PTB7:PC71BM.

The use of PEDOT:PSS as a HTL results in improved charge collection efficiency
of holes from the donor polymer to the anode as PEDOT:PSS modifies the work function
of ITO electrodes.63 PEDOT:PSS also acts as a hole conducting layer and exciton blocker
in bulk heterojunction solar cell devices.64 The closer energy level alignment of the
HOMO level of PTB7and the work function of PEDOT:PSS should further improve the
hole charge collection efficiency in PTB7 based devices leading to an improvement in
PCE. Literature further supports this conclusion as the ISC of P3HT:PC61BM devices have
been reported to range from 4.65 (mA/cm2)65 to 6.51 (mA/cm2)66 while PTB7:PC71BM
devices without additive DIO have a reported ISC of 10.2 (mA/cm2).10 As the ISC is
associated with charge separation and transport efficiency improvements in the solar cell
efficiency parameter ISC indicate an improvement in charge collection efficiency.
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4.4 Surface Free Energy of Films
Solvent effects can result in different film morphology and polymer chain packing
orders within films. This can lead to different surface energies of the polymer film.13 For
example, MEH-PPV in an aromatic solvent achieved the desired planar (conjugated)
conformation while in a non-aromatic solvent takes on a twisted conformation.13 As the
surface energies of polymer films are influenced by the processing solvent, the surface
free energy (SFE) may also be influenced by solvent additives present in the solvent
mixture.
Presented in Table 4 is a summary of surface free energies measurements carried
out using optical tensiometry and analyzed using the extended Fowkes method. We find
that the donor films in this study exhibit only a very small difference in surface energy
for different processing solvents, CB and DCB. However, the solvent additive DIO has a
more significant effect, showing a reduction in SFE of both P3HT and PTB7. With DIO,
the SFE of P3HT films decreased from ~28 to ~25 [mN/m], and those of PTB7 films
decreased from ~32 to ~18 [mN/m].
The UV-Vis results shown in Figure 4.8, revealed a decrease in absorption when
films prepared with additive DIO were thermally annealed. The surface energy of films
prepared with DIO post annealing was also investigated. A similar trend was observed in
which the effect of additive DIO on the SFE was suppressed after thermal annealing.
After thermal annealing of P3HT and PTB7 films prepared with additive DIO, the SFE
values increased approaching the SFE values of films prepared without additive DIO.
The presence of additive DIO also increased the polarity of the donor films and is evident
by the increase in the polar component (γp) of the surface energies of donor films
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prepared with additive DIO. The γp of P3HT films prepared in CB and in DCB increased
from 0.004 to 0.134 [mN/m] and from 0.005 to 0.404 [mN/m] when prepared with
solvent additive DIO, respectively. PTB7 films prepared with additive DIO showed a
larger increase in polarity over P3HT films. The γp of PTB7 films prepared in CB and in
DCB were increased from 0.159 to 0.915 [mN/m] and from 0.099 to 1.146 [mN/m] with
solvent additive DIO, respectively.
Table 4. Summary of the SFE of donor polymer films calculated through the extended
Fowkes method
γd
[mN/m]

γp
[mN/m]

P3HT-CB

27.849

0.004

27.853

27.390

P3HT-DCB

27.795

0.005

27.800

28.503

P3HT-CB+DIO

26.083

0.134

26.217

27.850

P3HT-DCB+DIO

24.769

0.404

25.174

27.464

PTB7-CB

31.388

0.159

31.547

30.533

PTB7-DCB

31.757

0.099

31.856

30.227

PTB7-CB+DIO

17.169

0.915

18.084

29.400

PTB7-DCB+DIO

22.160

1.146

23.305

28.954

Sample film

γtot
[mN/m]

γtot (annealed)
[mN/m]

The SFE of films of the electron acceptor molecules, PC61BM and PC71BM, were
also determined, 31.99 [mN/m] and 29.69 [mN/m], respectively. The SFE of PC61BM
reported here is in agreement with that of Huang et al. who reported the SFE of PC61BM
to be 31.74 [mN/m].17 As the surface energies of P3HT and PTB7 were both reduced
when fabricated using solvent additive DIO and since PC61BM has a larger SFE than
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either donor polymer, consequently the differences in surface energies of these donors
with PC61BM should be greater. These differences are presented in Table 5. While the
differences in surface energies between P3HT and PC61BM increase slightly with
additive DIO, the differences in surface energies between PTB7 and PC61BM show a
greater change.
Table 5. Difference in surface energies between donor and acceptor components
prepared in solvent DCB without and with additive DIO
Donor
Donor γtot
PC61BM γtot
PC61BM γ – Donor γ
[mN/m]
[mN/m]
[mN/m]
P3HT
27.800
31.99
4.19
P3HT+DIO

25.174

31.99

6.816

PTB7

31.856

31.99

0.134

PTB7+DIO

23.305

31.99

8.685

As explained by Huang et al. the large difference between surface energies drives
the phase segregation of the donor and acceptor components and results in less
intermixing of the donor and acceptor materials.14 Although the bulk heterojunction
(BHJ) architecture relies on blending of donor and acceptor materials, good intermixing
of the donor and acceptor components is not ideal as this can lead to a large number of
isolated acceptor aggregates within the donor:acceptor layer. As shown in Figure 4.11(a),
these isolated acceptor aggregates act as electron traps. Also, reducing dispersion of the
acceptor molecules throughout the active layer allows more space for ordering of P3HT
chains.59
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Figure 4.11 Schematic of intermixed donor:acceptor layer (a) of P3HT:PCBM in which
electron traps are shown. Schematic of phase segregated donor:acceptor layer (b) of
P3HT:PCBM in which electron transport channels are shown.

The larger surface energies between donor and acceptor components lead to a
more pronounced phase segregation, which allows interpenetrating networks to better
develop (Figure 4.11(b)). The better defined donor:acceptor domains should improve the
formation of charge transport channels (Figure 4.11(b)). The increased formation of
charge transport channels would lead to an increase in ISC as this solar cell efficiency
parameter is related to charge transport and charge collection efficiency of the device. A
review of literature shows that devices in which the active layer was fabricated with
additive DIO exhibit an increase in ISC . The increase in ISC with DIO use has been shown
for different donor and acceptor materials in various studies summarized in Table 6.
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Table 6. The PCE of photovoltaic devices prepared with and without solvent additive
DIO
BHJ Device

ISC as cast
(mA/cm2)

PCE as cast
(%)

ISC with DIO
(mA/cm2)

PCE with DIO
(%)

P3HT:IC70BA 67

2.69

1.15

6.23

2.97

PTB7:PC71BM 10

10.2

3.92

14.5

7.4

PCPDTBT:PC71BM 68

11.74

3.35

15.73

5.12

PBTTPD:PC71BM 41

9.1

4.8

12.5

6.3

Although morphological studies on donor:acceptor films show evidence of
improved phase segregation when additives are used, our finding here provide additional
understanding as to why improvements to phase segregation are occurring. Additive DIO
modifies the surface free energies of donor materials P3HT and PTB7, leading to a
greater difference in the molecular surface free energies of the donor and acceptor
components. As a consequence, improved phase segregation is observed. Surface energy
characterization is often neglected, but as in this work, such characterization has shown
to be a method of significant importance. It can be used to determine which donor and
acceptor materials should be paired to achieve desirable phase segregation in the BHJ
donor:acceptor layer.
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5 SUMMARY AND CONCLUSION
The primary objective of this study was to understand the effects of solvents on
some of the basic properties that are relevant to the performance issues in organic
photovoltaic solar cell devices. Using UV-Vis spectroscopy, the additive DIO was found
to improve absorption and enhance crystallization of the donor:acceptor films. When
prepared with CB or DCB, thermal annealing is favorable for P3HT-based
donor:acceptor films, but has no effect on PTB7-based films. In the presence of DIO, the
absorption intensity decreases for both polymer films. This implies that improving
crystallinity and extent of conjugation can only be done with either DIO or thermal
annealing for P3HT-based films, but not both. In the case of PTB7, improvement only
occurs with DIO. This implies that DIO additive can be used as a potential substitute to
thermal annealing. The effective HOMO/LUMO levels of P3HT and PTB7, along with
their respective energy band gaps, were determined. The HOMO energy levels obtained
imply better charge collection in PTB7-based films. The HOMO level of PTB7 was
found to have a closer alignment with the HTL and ITO anode in comparison to the
HOMO level of P3HT. The better alignment of the HOMO level of PTB7 and the HTL
should result in more efficient charge collection in PTB7 based devices. Improving the
charge collection efficiency would lead to increased ISC and ultimately enhanced PCE.
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Another physical property investigated was the effect of solvent and additive on
the conductivity of donor polymer films. As resistance is inversely proportional to
conductivity the resistance measurements collected was used to provide comparative
information on the conductivity of the films prepared from different solvents. The
additive DIO was observed to lower the total resistance of polymer films indicating that
additive DIO improves charge carrier mobility and improves conductivity of the film.
Lastly, the surface free energies of donor polymer films were investigated. To the
best of our knowledge, this is the first time the SFE of PTB7 has been reported. More
importantly, the presence of additive DIO was found to modify the surface free energies
of P3HT and PTB7 films. Using additive DIO, formation of charge transport channels
may be happening as a result of the greater phase segregation. As a consequence of the
greater phase separation between the donor and acceptor components, the polymer chains
in the donor:acceptor layer have more interaction with one another. This may account for
why improvements to absorption, extension of conjugation length, and conductivity were
observed for the donor:acceptor films in this study. In summation, the findings mentioned
above provide insight as to why OPVSC devices show greater ISC and improved device
performance when additive DIO is used for fabrication of donor:acceptor layers.
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